Asian cultivated rice (Oryza sativa L.) has genetic diversification of root characteristics, but this variation has not been elucidated fully with reference to the genetic background. To clarify the differences in root anatomical and morphological traits among different varietal groups of cultivated rice, we analyzed four anatomical traits (root thickness, stele transversal area, total transversal area and number of late metaxylem vessels) and two morphological traits (root length index and ratio of deep rooting) in 59 accessions. A previous principal-coordinate analysis study using data on 179 restriction fragment length polymorphisms classified these accessions into three varietal groups: 13 japonica, 21 indica-I, and 25 indica-II. Based on a principalcomponents analysis of the six traits, the japonica group had wide variation in root anatomy compared to the two indica groups. In particular, japonica upland rice was characterized by a larger stele and xylem structures. By contrast, the two indica groups had wide variation in root morphology compared to the japonica group. Of the two indica groups, on average, the indica-I accessions had deeper, thicker roots than the indica-II accessions. Our results demonstrate that the japonica and indica groups contain different genetic diversity with respect to their root characteristics.
Plant roots are crucial for the absorption and translocation of water and nutrients. For this reason, root anatomical and morphological traits have been well studied in rice (reviewed by Morita and Nemoto 1995) . Varietal differences in root morphological characteristics such as length and thickness have been reported in cultivated rice (Oryza sativa L.) in previous studies (reviewed by O'Toole and Bland 1987) . In general, the roots of upland rice cultivars are thicker and penetrate more deeply into the soil than those of lowland cultivars (O'Toole and Bland 1987) . Root distribution has also been quantitatively characterized by using several traits, including root length, volume, and density in the soil at different depths, and these characteristics differed among cultivars , Nemoto et al. 1998 , Hirayama et al. 2007 , Kato et al. 2007 ). However, variations in root characteristics have not been fully elucidated with reference to their genetic background in cultivated rice, because only a few cultivars or accessions with unidentified genetic background were used in the abovementioned studies. Understanding the variations of root characteristics in rice germplasm collections will be essential for genetic improvement of their root systems. In particular, to facilitate the selection of materials for breeding or genetic analysis, it is important to know whether the different varietal groups of rice differ in their root characteristics.
Asian cultivated rice has been classified into indica and japonica types based on traits for discrimination, such as KClO 3 resistance, cold or drought sensitivity and apiculus hair (Oka 1953) , and isozyme markers (Glaszmann 1987, Li and Rutger 2000) and various molecular markers (Wang and Tanksley 1989 , Dally and Second 1990 , Zhang et al. 1992 . Recently, Kojima et al. (2005) made a collection consisting of 69 cultivated rice accessions called rice diversity research set of germplasm (RDRS) from 332 accessions maintained at Genebank of the National Institute of Agrobiological Sciences (NIAS) based on genome-wide RFLP polymorphism survey. The RDRS were classified into three varietal groups (japonica, and two indica groups designated as indica-I and indica-II in this paper), based on principal coordinate analysis using 179 RFLP data (Kojima et al. 2005) . The RDRS holds 91% of the alleles identified in the original 332 accessions. In addition, most of the range of variation in several Communicated by H. Kato Received September 3, 2008 . Accepted December 12, 2008 agro-morphological traits from the original 332 accessions is covered by the RDRS (Kojima et al. 2005) , making the RDRS a powerful research tool for discovering potential variation in root characteristics and other traits of rice. Our objective was to detect differences in root anatomical and morphological traits among the three varietal groups of cultivated rice. To do so, we quantitatively analyzed 59 accessions, including 13 japonica, 21 indica-I, and 25 indica-II, with respect to six anatomical and morphological traits (Table 1) . Data could not be obtained for all the root traits of 10 accessions from the RDRS collection because of disease or insect injury, so these accessions were omitted from the statistical analyses. All experiments were conducted under rainfed conditions in an upland field at NIAS (36°1′N, 140°6′E). The soil at the experimental site is a volcanic ash soil of the Kanto loam type (Humic Andosol). The topsoil (0-30 cm) is a dark humic silty loam (pH = 6.2). The subsoil (below 30 cm) is a red-brown silty clay loam (pH = 5.8).
Chemical fertilizers were applied at a sowing rate of N, P, K = 26 kg, 36 kg, 28 kg ha −1 in all experiments. Weeds were controlled by hand weeding and herbicide application.
Root thickness and structures of the stele and xylem
We examined the anatomical traits of roots from the main culm of the plant according to the procedure of Uga et al. (2008) . We used three plants of each accession, grown at a spacing of 20 × 40 cm for 6 weeks in the summer of 2004, to obtain cross-sectional images from the third-highest rooting node of the main stem. Terashima et al. (1987) reported that roots selected from the third-highest node could properly evaluate variations of root thickness and vascular system in different varieties, and were therefore used in this study. We stained the sections with Toluidine Blue O to facilitate measurement of the following anatomical traits-root thickness (RTH), stele transversal area (STA), and total transversal area and number of late metaxylem vessel (MXVII) (MXA and MXN, respectively)-under a digital microscope (VHX-200; Keyence Co., Ltd., Osaka, Japan). We used 9 images (3 plants × 3 nodal roots) to calculate the mean value for each accession.
Phenotypic variations in four anatomical traits of roots in RDRS accessions are shown in Table 1 and Fig. 1 . Keiboba had the thickest roots (RTH = 1155.7 μm), and this value was 1.8 times the value for Rambhog, which had the thinnest roots (647.3 μm). Despite this wide range of RTH values, we found no statistically significant differences in mean RTH among the three varietal groups. Variation in the RTH of the japonica accessions was thus similar to that in the two indica groups, indicating that variation in RTH is not associated with the differentiation of cultivated rice into these varietal groups. On the other hand, we found significantly higher mean STA and mean MXA in the japonica accessions than in the indica-II accessions. Mean MXN, however, showed no significant differences among the three varietal groups. The japonica accession Khao Nok exhibited the largest STA (88 155.4 μm 2 ), which was 5.4 times the corresponding value for Rambhog, the indica-II accession with the smallest STA (16 342.9 μm 2 ). Khao Nok also showed the largest MXA (21 245.1 μm 2 ) and MXN (6.4), and Rambhog had the smallest values (2591 μm 2 and 2.6, respectively) among the accessions. Only three japonica accessions (Khao Nok, Khau Mac Kho, and Phulba) had STA greater than 70 000 μm 2 . These cultivars were upland rice according to passport data in the NIAS Genebank. Kondo et al. (2000) compared the anatomy of nodal roots of five japonica and seven indica cultivars classified by Glaszmann (1987) . Among them, three traditional japonica upland cultivars (Azucena, Kinandang Patong, and Moroberekan) had the largest stele and MXVII diameters. We used the results for Azucena and Kinandang Patong as reference values here. The abovementioned three japonica accessions had larger anatomical values than those of the two reference cultivars. Our results demonstrated that japonica upland rice was characterized by a larger stele and xylem, and would thus be useful breeding material for anatomical improvement of rice roots.
Root length index
Because it is necessary to develop an efficient method for measuring the root length of rice plants grown in the field (a laborious and time-consuming task), we established a root length index as a criterion to evaluate root length in reference to a root depth index developed by Oyanagi (1998) . To calculate this index, polyvinyl pipes (50 cm long by 7 cm in diameter) were buried at a spacing of 40 × 40 cm in the study field before sowing. The pipes were inserted vertically into the soil, with care taken not to compact the soil contained within the pipe, and a rice seed was sown in each pipe. Three rice plants in each accession were grown for 7 weeks in the summer of 2005. Rice plants were pulled out along with the pipe in which they were planted, and the root system was washed out from the pipe. The roots of each plant were then divided into horizontal sections at intervals of 10 cm from the basal part of root (0 to 10 cm, 10 to 20 cm, 20 to 30 cm, 30 to 40 cm, and 40 to 50 cm), and the root samples in each horizon distance category were oven-dried at 80°C for 3 days. The proportions of total root dry weight in each 10-cm interval were then calculated. These percentage values were multiplied by the midpoint depth for each sampling interval (i.e., 5, 15, 25, 35, and 45 cm). The resulting five values were then added to obtain the root length index (RLI); the larger the RLI value, the longer the root system was in total. This index calculated based on root dry weight may be affected to varying degrees by differences in the ratio of root components such as seminal, nodal and lateral roots in each sampling interval;. however, we preliminarily investigated the reliability of RLI in several accessions and those with long root systems tended to show large RLI (data not shown); therefore, we decided that RLI could identify differences in root length among different varietal groups.
The mean RLI differed significantly between the indica-I and indica-II groups. On average, the indica-I accessions from South Asia had longer roots than the indica-II accessions from East and Southeast Asia. Shoni, the indica-I accession with the highest RLI value (15.1 cm), had an RLI value 2.5 times that of Pinulupot 1, the indica-II accession with the lowest value (6.1 cm). Phulba, a japonica cultivar that originated in India, had the largest RLI value (14.0) among the japonica varieties. These results suggest that many accessions from South Asia have longer roots than accessions from other regions.
Ratio of deep rooting
We measured the average growth angles of the nodal roots by using the basket method (Oyanagi et al. 1993) . Kato et al. (2006) reported that root growth angle was associated with deep root development on upland fields; therefore, this method was used as an index of deep rooting. In this approach, a plastic mesh basket (with open top and bottom diameters of 15 and 8.5 cm, respectively, and a height of 6 cm) was filled with upland-field topsoil mixed evenly with fertilizer. The baskets were buried at a spacing of 40 × 40 cm in Fig. 1 . Frequency distributions for the six root traits among the three varietal groups in the RDRS. A, japonica (n = 13); B, indica-I (n = 21); C, indica-II (n = 25). White inverted triangles indicate the mean value of each varietal group. Triangles labeled with the same letter do not differ significantly (5% level, Tukey's multiple-comparison test). the upland field. Three plants from each accession were grown in separate baskets for 7 weeks in the summer of 2007. The growth direction of each nodal root was evaluated on the basis of the position where the root elongated across the basket mesh (Oyanagi et al. 1993) . These positions were classified into upper and lower parts of the basket according to the horizontal angle with respect to the ground surface (0 to 53° and 53 to 90°). This classification was chosen on the basis of the report by Kato et al. (2006) on the frequency of higher root-growth angles (50° to 90°). We defined the ratio of deep rooting (RDR) as the proportion of the total number of roots penetrating the lower part of the mesh (i.e., the flat 8.5-cm-wide bottom of the basket) to total number of roots penetrating the whole mesh.
We found no significant differences in mean RDR among the three varietal groups. Four accessions, however, exhibited an RDR value greater than 50% in the indica-I group (Shoni, Tupa 121-3, ARC 7291, and Surjamukhi). This suggests that the indica-I group has wider variation in the proportion of deeper roots than did the other groups. Shoni, the indica-I accession with the highest RDR (64.2%), had a value 6.6 times that of Tadukan, the indica-II accession with the lowest RDR (9.7%). Shoni also had the largest RLI value. Therefore, we hypothesize that this cultivar can elongate its roots into deeper soil layers than can most of the other accessions. Kato et al. (2006) reported that 12 lowland and upland cultivars had RDR values ranging from 9% to 34%. Thus, the RDRS contains a wider range of variation in this parameter.
Correlations among the six root traits
We correlated the root traits of the 59 RDRS accessions with each other (Table 2 ). There were several significant positive correlations and no significant negative correlations, but the highest correlation was between STA and MXA (r = 0.982**). Uga et al. (2008) previously reported a significantly high correlation between STA and MXA (r = 0.923**) in F 3 lines derived from across between IR64, lowland rice, and Kinandang Patong, upland rice. Six quantitative trait loci (QTLs) for STA and MXA were detected on chromosomes 2, 9, and 10. Of these, five were found in the same regions of chromosomes 2 and 9. Therefore, the correlation between STA and MXA can be attributed either to a tight linkage of the QTLs for these traits or to a pleiotropic effect of one QTL (Uga et al. 2008) . These genetic behaviors may be responsible for the high correlation between the two traits. The root anatomical traits were not significantly correlated with RDR, but RDR was significantly but weakly correlated with RLI (r = 0.383), suggesting that RDR is controlled by genetic factors different from those that control root anatomical traits. Kato et al. (2006) reported that nodal root diameter was closely correlated with RDR, possibly because they used a limited range of accessions that exhibited this correlation. Our results, however, showed no significant overall correlation between root diameter and the ratio of deep rooting.
Relationships between root characteristics and the three varietal groups
To elucidate the relationships among the six root traits, we examined their correlation matrix by using the principalcomponents analysis (PCA) module of JMP version 6.0 (SAS Institute, Cary, NC, USA). We calculated eigenvectors, factor loadings, and principal-component (PC) scores for the six traits of the 59 accessions on the basis of a correlation matrix (Table 3 ). The contributions of PC1, PC2, and PC3 to the multivariate variation were 62.2%, 19.8%, and 8.5%, respectively, indicating that the contribution of PC1 was more than three times that of PC2. The sum of these components explained more than 90% of the total variation of each trait, except for RTH (78.4%) and MXN (78.9%). In the factor loading, PC1 was most strongly correlated with the four anatomical traits, suggesting that PC1 is a function of root anatomical size. PC2 was positively correlated with RDR and RLI, suggesting that PC2 is a function of root architecture. In particular, RDR was strongly correlated with PC2 (0.82) .
To analyze the relationship between the root traits and the three varietal groups, we constructed a scatterplot of all the accessions based on their PC1 and PC2 scores (Fig. 2) . The PC1 scores of the japonica accessions were scattered more widely than those of the indica groups, whereas the PC2 scores of indica groups were scattered more widely than those of the japonica accessions. This suggested that the japonica and indica groups contain different genetic diversity with respect to their root characteristics. On the basis of the abovementioned PCA results, the japonica group had wide variation in root anatomical traits, whereas the two indica groups had wide variation in root system architecture. Among the indica cultivars, the PC1 and PC2 scores of many accessions belonging to indica-I were found at the right and upper sides of the ordination, respectively, somewhat separated from the indica-II accessions. This indicates that, on average, indica-I accessions had deeper and thicker roots than the indica-II accessions. Most of the indica-I cultivars are distributed over areas geographically different from those of the indica-II cultivars (Table 1) . It is possible that the differences in root characteristics observed between the two groups are associated with geographical differentiation. However, we could not explain from our results why such differentiation of root characteristics occurred in the indica groups. Further analysis will be needed to clarify varietal differentiation of root characteristics among the indica groups. The japonica accession Nipponbare and the indica-I accession Kasalath, which were used as reference accessions for discrimination of japonica and indica accessions in the RFLP survey (Kojima et al. 2005) , were located in the third quadrant (with small negative values of PC1 and PC2) in Fig. 2 . When both cultivars were used as reference values for the genetic variations in root characteristics, we found that the RDRS contained wide genetic diversity with respect to the root characteristics of these accessions. Such wide variation may be controlled by many genetic factors. Utilization of accessions selected from the RDRS on the basis of the results of this study will thus be useful for genetic analysis or breeding to improve root characteristics. Many root traits were affected by environmental effects such as water regime and soil condition (Kondo et al. 2003 , Kato et al. 2006 , although Kato et al. (2006) mentioned that environmental effects on the nodal root growth angle were relatively small. Our experiments were performed only under rainfed conditions in an upland field; therefore, further study will be needed to clarify genetic variations in root traits under other environmental conditions, such as paddy fields. PC1, PC2, and PC3: first, second, and third principal components, respectively. a contribution of the sum of the three principal components. 
